Introduction
As being power sources for wearable or implantable electronic devices, piezoelectric materials such as zinc oxide (ZnO), lead zirconate titanate (PZT), and polyvinylidene fl uoride (PVDF) offer potential for converting electrical power from mechanical motion associated with natural body processes (e.g., walking and breathing). [ 1 ] The prospective of utilizing piezoelectric materials to generate power from everyday activities and nanomaterials, and can offer high energy conversion effi ciency (≈80%). [ 10 ] Electrospinning process was performed to obtain PZT nanofi bers with extremely high piezoelectric voltage constant (g 33 , 0.079 Vm N −1 ). [ 11 ] Despite its excellent piezoelectric property, PZT has a disadvantage due to its brittleness and strain limitation (<1%). [ 12 ] To overcome this limitation, devices built with PZT, including other brittle piezoelectric materials, were typically integrated with stretchable substrates, as demonstrated by several research groups. [13] [14] [15] [16] For instance, the integration of piezoelectric PZT ribbons onto fl exible rubber substrate (PDMS) offered an effi cient and fl exible energy conversion that opened a new opportunity for future energy harvesting systems. [ 14, 17 ] In recent years, many emerging piezoelectric devices have been presented with attractive performance. A co-integrated collection of such energy harvesting elements with rectifi ers and micro-batteries provided an entire fl exible system, being capable of viable integration with the beating heart via medical sutures and operation with a high peak voltage of 8.1 V and effi ciency of ≈2%. [ 16 ] Dagdeviren et al. [ 18 ] demonstrated composite structures of hard piezoelectric material, and stretchable serpentine (spring-like) conducting metal traces with soft elastomer substrates forming an array of mechanical actuators and sensors. The array is softly and reversibly laminated on the surfaces of nearly any organ system of the human body, for rapid and precise measurement and spatial mapping of viscoelastic properties. Researchers also fabricated the directly written energy harvesters and sensors, which pave the way for a costeffective, high-effi ciency manufacturing pathway in wearable, bio-integrated electronics with large deformability. [ 19, 20 ] The voltage output is an important parameter to determine the performance of piezoelectric devices. The literature shows that the voltage-time curves of piezoelectric devices are characterized by the positive and negative variations ( Figure 1 a) , even though the strain or stress in the piezoelectric material is always positive during the cycling load. [6] [7] [8] [9] [21] [22] [23] [24] [25] The theory of open circuit is usually used to predict the peak of the voltage-time curve, [6] [7] [8] [9] [22] [23] [24] [25] which will be shown and described analytically in this study. Figure 1 c shows the schematic illustration of a piezoelectric ribbon with polarization direction along the thickness direction subject to stretching. By the theory of open circuit, the voltage is zero in the state without being stretched, reaches the maximum while the strain is maximum and restores to zero after being released. The output voltage is always positive during the stretch-release cycles (Figure 1 b) . The voltage never goes to the range of negative during the process, which confl icts with the experimental fi ndings (Figure 1 a) . To address this important problem, we both investigated theory model and conducted experimental measurement.
Results
In order to study the measurement of output voltage, a PZT mechanical energy harvester (MEH) [ 16 ] that was fl exible enough to wrap a glass tube was fabricated, as shown in Figure S1a (see Supporting Information for the fabrication method details). The functional element of the MEH is a capacitor-type structure that consists of a layer of PZT (500 nm) between the bottom (Ti/Pt, 20 nm/300 nm) and top (Cr/Au, 10 nm/200 nm) electrodes (Figure S1b, Supporting Information). A MEH module consists of 12 groups of 10 capacitor structures that are electrically connected in parallel. Each of the twelve groups is connected in series to its neighboring group to increase the output voltage ( Figure S1c , Supporting Information).
For the performance characterization of the MEH, a mechanical stage is used to cyclically compress the device from clamps at its ends, and allows doing measurements of output voltage during deformation, as shown in Figure 2 . The apparent length of the device is L = 2.5 cm, and the amplitude of the compression L Δ between the two ends of the device is a periodic function of time t . In the experiment, four groups of maximum value of the compression L Here, an analytic model coupling the piezoelectric behavior and the fi nite deformation of the device is developed, as shown in Figure 5 a. When the length of the PZT ribbons is much smaller than that of the supporting substrate (polyimide, PI), the membrane strain in the PZT can be obtained as (see Sup-
where EIcomp and EIPI are the bending stiffness (per unit width) of the PI with and without the PZT devices, respectively; h is the distance from the center of the PZT layers to the neutral mechanical plane ( Figure S1b of PZT ribbons in series, t PZT and m ε are the thickness and membrane strain of PZT ribbons.
The output voltages measured with a conventional voltmeter are often recognized as the open-circuit voltage. In this case, the electric displacement D 3 is zero and the voltage is proportional to the membrane strain, according to Equation ( 2) ,
The results suggest that the sign of the voltage is always same as the membrane strain since e 0 ( ) − > . Contrary to this, the reported measurements [6] [7] [8] [9] 22, 23, 25 ] This discrepancy arises from an assumption that the voltmeter has infi nite resistance, whereas its actual, fi nite resistance allows charge to pass, in a way that involves changes in direction as the strain increases and decreases, as shown in 
where the fi rst term of the right side is a periodic function that switches between positive and negative; the second term represents an exponential decay. For infi nite resistance, Equation ( 7) reduces to Equation ( 3) . Figure 6 shows the effect of dimensionless resistance on the dimensionless voltage. The second part of Equation ( 7) the resistance value, it becomes more diffi cult for the charge to go through the voltmeter, and the more stranded charge on electrodes yields higher voltage.
In the experiments, the compression L Δ between the two ends of the device is a periodic function of time t , given by 8 1
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, consistent with values in the literature, [ 26 ] Figure 3 c,e,g,i show the voltage V versus time t obtained from Equation ( 6) , and the peaks are plotted in Figure 6 . The theoretical results agree well with the experimental fi ndings, including both peaks and shapes of the voltage-time curves. The peak value of the voltage increases with the resistance of the voltmeter. It confi rms that, for piezoelectric devices, the measured output voltages indeed depend on the resistance of the voltmeter. To evaluate the performance of the piezoelectric devices reasonably, the resistance of the voltmeter should be reported in the measurement.
Conclusions
In summary, output voltage measurement represents a fundamental importance in the performance characterization of emerging classes of fl exible and stretchable piezoelectric devices. The literature shows that most of voltage-time curves of piezoelectric devices are characterized by the alternatively positive and negative variations, even though the strain in the piezoelectric material is always positive during the applied cycling load. This phenomenon does not obey the piezoelectric theory for open circuit, which is usually adopted for the quantitative calculation of peak voltages in the literature. Here, we studied this important problem experimentally and theoretically. Collective results show that the measured output voltage depends on the resistance of the voltmeter. The peak of voltage increases with the increase of the resistance of voltmeter. As a signifi cant conclusion, the resistance value of the measurement systems, i.e., voltmeters should be reported in the voltage measurement studies of piezoelectric devices. This conclusion is applicable not only to PZT energy harvester consisting of PZT ribbons, but also to other piezoelectric devices with different confi gurations, such as sensors and piezoelectric polymers in the form of wire/fi bers. [ 27, 28 ] The established model can be also extended to those piezoelectric devices by reanalyzing the mechanical deformation and piezoelectric behavior. It should be pointed out that the effect described here does not exist for current measurement because the inner resistance of the ampere meter is usually very small or even zero. Our ongoing work based on the fi ndings here is to develop a new voltmeter with infi nite or approximately infi nite inner resistance for precise characterization of the properties of piezoelectric devices.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Figure. 2 and Fig. 5a show the compression of a device with length L that leads to buckling with an out-of-plane displacement 
Strain of the PZT ribbon
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is the effective bending stiffness of multi-layer structure ( Fig. S1b) PZT in this system is transversely isotropic with a polarization direction x 3 normal to the surface. 
where c ij , e ij , and k ij are the elastic, piezoelectric, and dielectric constants, respectively.
Fabrication and voltage measurement of the PZT mechanical energy harvester
The PZT MEH consists of an array of capacitors that are formed from PZT strips with top and bottom electrodes which are fabricated using the following process. The base material is a multistack The PZT thin film was polled for two hours with a 100kV/cm electric field at 150 °C. 
The PZT MEH consists of an array of capacitors that are formed from PZT strips with top and bottom electrodes which are fabricated using the following process. The base material is a multistack 
